An integrated method based on optical and digital image processing is presented to suppress speckle in digital holography. A spatial light modulator is adopted to introduce random phases to the illuminating beam. Multiple holograms are reconstructed and superimposed, and the intensity is averaged to smooth the noise. The adaptive algorithm based on the nonlocal means is designed to further suppress the speckle. The presented method is compared with other methods. The experimental results show that speckle reduction is improved, and the proposed method is effective and feasible.
Digital holographic display has many noticeable advantages such as three-dimensional (3D) display without special eye wears, flexible recording and reproduction and so on. However, most objects are rough on the scale of an optical wavelength in the real world. When a continuous-wave laser illuminates a "random" roughness of the object surface, various microscopic facets of the rough surface devote randomly phased elementary contributions to the total observed field and speckle generates [1] . The quality of the reconstructed image in the digital hologram is seriously degraded by speckle. Various optical methods and digital algorithms were presented to reduce the speckle. With a slowly moving diffuser associated with a motionless diffuser, the speckle noise was suppressed [2] . Kang used a rotating mirror to change the incident angle of illuminating beam, and multiple off-axis Fresnel holograms were used to reduce speckle noise by averaging the reconstructed intensity fields. Because of the limit of the rotation range of the mirror, the application field was limited [3] . Many off-axis holograms were recorded using a circularly polarized illumination beam and a rotating linearly polarized reference beam [4] . The speckle noise in the reconstruction was suppressed by averaging these fields. Nomura et al. utilized different wavelengths to record digital holograms and superposed the reconstruction images to improve the quality of reconstruction images [5] . The mean filtering and the median filtering were commonly used in the image processing to suppress the speckle noise [6] . However, details such as edges and contours in the image were lost. Multiple fractional Fourier transform was used to realize high-quality three-dimensional holographic display [7] . A considerable series of kinoforms (up to 100) were generated and superposed to reduce the speckle noise. Maycock et al. adopted discrete Fourier filtering to reduce speckle in digital holography [8] . Electronic speckle pattern interferometry (ESPI) filtering method was presented based on coherence diffusion and Perona-Malik diffusion [9] . The second-order oriented partial differential equation (SOOPDE) filtering model with adaptive selective parameters was used to remove spekle noise [10] . Other digital filtering methods were developed for denoising, such as Lee filter [11] , Kuan filter [12] , Frost filter [13] and so on. The nonlocal means (NLM) filter was used for speckle denoising recently [14] . Here, a method combining optical and digital image processing is presented to suppress speckle noise. Firstly, a spatial light modulator (SLM) is used to introduce random phases to the illuminating light. Multiple holograms with random phases are generated. The intensity superposing and averaging of multiple reconstruction images are used to smooth speckle noise and keep details of the object. Then, a digital image processing algorithm based on NLM is designed and used to further suppress the speckle. The performance parameters of the proposed method are calculated and compared with ones of other methods commonly used.
The speckle is a kind of noise dependent on signal. The phases of speckle are uniformly distributed on the interval (-π, π), and the intensity is a negative exponential probability density [1] . When a SLM is used to generate random phases α l (l = 1, 2, · · · , L) that are added into the illuminating beam, multiple holograms are recorded by a charge coupled device (CCD) or complementary metal oxide semiconductor (CMOS) camera.
where uncorrelated with each other and statistically independent. Multiple reconstructed images are superposed and averaged to suppress the speckle noise because this process increases the signal-to-noise ratio (SNR) from 1 to L 1/2 [15] . The experimental setup is shown in Fig. 1 . A 532-nm diode pumped solid state laser with the output power of 50 mW is used. The output light beams are filtered by a pinhole filter. The lens is utilized to transform the filtered light beams into plane light beams. The plane beams are split into the illumination beam and the reference beam by a beam splitter (the ratio of the splitting beams is 7:3). The phase-only SLM (PLUTO-VIS, Holoeye, Germany) is used to digitally generate random phases to add into the illumination beam. The reflected light of the object and the reference light are mixed with a beam splitter whose ratio of the splitting beams is 5:5, and the interference fringes are sampled by a CMOS camera (DH-HV3103UC). The pixel array of the camera is 2048 × 1536 and the pixel pitch 3.2 μm. A cubic dice with width of 8 mm is used as the object. The distance between the object and the camera is 408 mm.
The SLM controlled by a computer generates L random phases, and L (L = 1, 2, · · ·, 40) holograms are obtained for reconstruction. The performance parameter Speckle Index (SI) is used to evaluate the denoising effect. SI of the reconstructed image is defined as [16] 
where M , N are the dimensions of the image. σ(i, j) and μ(i, j) are the standard deviation and the mean value of thep × q neighborhood of the reconstructed image point (i, j). p and q are defined as 7 pixels in the proposed method. SI can be regarded as an average reciprocal of SNR, wherein the signal is the mean value and the noise is the standard deviation. In general, SI is less than 1.0. The lower the SI is, the stronger suppression ability the method has. Figure 2 shows the relationship between SI and the number of holograms. The speckle noise in the reconstructed image can be reduced. As the number of holograms used to denoise increases, speckle is suppressed better. When the number of holograms is less than 6, SI declines considerably and the speckle noise is suppressed quickly and effectively. With further increase in the number, the declining rate of SI is slowed and the values of SI remain basically flat. That is to say, improvements in speckle noise suppression are not very noticeable at a certain point.
The index Equivalent Number of Looks (ENL) is calculated using the following equation [17] : 
where mean and std denote the mean and standard deviation of the image. The higher value of ENL, the higher efficiency there is in smoothing speckle noise over homogeneous areas. In the reconstructed image, two homogeneous areas are selected to compute the index ENL as shown in red rectangular zones in Fig. 4(a) . Figure  3 shows the relationship between ENL and the number of holograms. When the signal basically keeps constant, the standard deviation is reduced because of the noise suppression, and ENL is increased. ENL rapidly improves as the increasing number of holograms L (L < 5), and the effect of smoothing noise is noticeable. When L is further increased, ENL increases slowly. From the Figure 3 , we can see that the overall trend of ENL value is the rise and speckle is denoised. The images from superimposing and averaging reconstruction images of 6, 40 holograms are shown in Figs. 4(b) and 4(c), respectively. Even though 40 holograms are used to suppress speckle, there is speckle noise in the reconstructed image to a certain degree. In view of the quality of the reconstructed images and the above performance indices, we adopt 6 holograms with random phases, and superimpose and average the intensity of the 6 reconstructed images to suppress the speckle noise firstly.
Averaging the intensity of the image over L independent holograms alters the character of the multiplicative speckle noise statistics. As L increases (L 4), the speckle probability density function approaches the limit of a Gaussian distribution [18] . NLM algorithm proposed by Buades et al. [19] uses redundant similarities in an image to remove noise while preserving textures, and it is one of state-of-the-art denoising methods. NLM algorithm is for images contaminated by Gaussian white noise with zero mean and variance σ 2 n . Unlike most existing algorithms which mainly rely on local pixels within a small neighbor, NLM algorithm estimates the gray value of a pixel by the weighted average of the gray values of all pixels in the image. The denoised pixel value is
where the weight w(i, j) depends on the similarity between the pixels (x i , y i ) and (x j , y j ), v(x j , y j ) is the gray value of the pixel (x j , y j ) and Ω is the image space. The weight satisfies the conditions 0 w(i, j) 1 and
The similarity between two pixels (x i , y i ) and (x j , y j ) is the similarity of the intensity gray level vectors v(N i ) and v(N j ), where N k (k = i, j) represents a square neighborhood of fixed size and centered at a pixel k. The weight is calculated as
where Z(i) is the normalizing constant
2,α denotes the gray level Euclidean distance between the window of interest and the similarity window, convolved with a Gaussian kernel with parameter α (the standard deviation of the Gaussian kernel α >0). The parameter h acts as a degree of filtering and controls the decay of the exponential function. In the case of Gaussian noise, h 2 is closely related to the noise variance. In Ref. [19] , the parameter h was fixed to 12 σ n .
NLM was applied to suppress speckle noise in Ref. [14] . Because the speckle intensity is dependent on the local signal, the parameter h was considered to depend on the pixel to be filtered. The weight is given by [14] w
where r is a noise factor depending on the imaging system parameters. Its nominal value is 0.5.
Here the particularity of speckle noise and the effect of the parameter h on the denoising performance are considered. The parameter h2 is tuned to the local noise variance. The standard deviation of local noise is estimated by the median of the absolute deviations (MAD) as
The parameter h is set to be
Therefore, the weight w(i, j) is
NLM algorithm adapts the above denoising process for each pixel and outperforms conventional algorithms. However, it takes excessive operation time. Therefore, a large search window replaces the whole image to calculate the weight. To further lower the computational cost and accelerate NLM, on the one hand we adopt the Euclidean distance to compare two pixels to avoid the convolution
where v i (l, m) and v j (l, m) represent the pixels v(x i , y i ) and v(x j , y j ) in the similarity window, respectively. On the other hand, similar neighborhoods have the same mean and the same gradient orientation. The computation of the gradient orientations is very sensitive to noise and thus requires robust estimation techniques. So the pre-selection of pixels is based on the mean and the variance of v(N i ) and v(N j ). The map of local means and local variances are pre-calculated and stored to avoid repetitive calculations for the same neighborhood. Therefore, the weight becomes
0, otherwise (12) A large size of the search window is chosen as 35×35 pixels and the size of the similarity window is 7×7 pixels (W =7) in our algorithm. u 1 is set to 0.9, u 2 is to 1.1, σ 1 0.5 and σ 2 1.5. The reconstructed images are displayed in Fig. 4 . The image is directly reconstructed from one hologram according to the Fresnel transformation method in Fig. 4(a) . The images in Figs. 4(b) and 4(c) are results from superimposing and averaging reconstruction images of six holograms (L=6) and forty holograms (L=40), respectively. The reconstruction image from six holograms is further denoised by other filters. The images in Figs. 4(d)-4(g) are results from the median filter, the mean filter, the Kuan filter and the Frost filter. The sizes of the search window and of the similarity window for NLM filter in Ref. [14] are the same with the ones of our algorithm, and the denoised image is shown in Fig. 4(h) . The result of the proposed method is in Fig. 4(i) . We can see that all of methods can suppress the speckle. Moreover, the reconstruction image of the proposed method is much clearer when compared with other methods. A comparison among these methods in terms of the above two metrics is shown in Table 1 .
From Table 1 , it can be seen that the proposed method provides better results in terms of SI and ENL, and the advantage of the proposed method relative to the other methods is apparent. Experiments are done on a PC with Intel Core 2 Duo CPU at 2.53 GHz. The computation times are 1.6, 1.4, 12.8, 15.6, 827.6, and 468.4 s for median filter, mean filter, Kuan filter, Frost filter, NLM in Ref. [14] and the proposed algorithm, respectively.
To confirm the proposed method, a dime with a diameter of 19 mm is adopted as the object. The image reconstructed from one hologram is shown in Fig. 5(a) and there is such speckle that the quality of the image is bad. Figure 5(b) is the result of suppression speckle with the proposed method, where six holograms are used to reconstruct the dime. The intensity of six reconstructed images are firstly superimposed and averaged, and then the NLM algorithm is used to further denoise. The denoised image is more vivid than the original noisy image.
In conclusion an integrated method based on optical and digital image processing is presented for suppressing speckle noise. Random phases generated by SLM are added into the illuminating beam. Multiple holograms resulted from multiple random phases are utilized to denoise and reconstruct the image firstly. An adaptive digital algorithm based on the nonlocal means is designed to further suppress the noise. The performance parameters are calculated and compared with ones of other known filters. Experimental results show that the presented method is superior to other methods, and it is effective and feasible for suppressing speckle noise in the digital holography.
